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An evaluation of the extent to which progesterone, a female sex 
hormone, or the chemically similar male hormone testosterone affect 
the function of mitochondria in vivo and in vitro was examined. Adult 
male Sprague-Dawley rats, 2-3 months old, were used as experimental 
models. These animals were divided into four groups: Control Normal, 
Control Castrated, Castrated Injected with Progesterone (CIP), Castrated 
Injected with Testosterone (CIT). Mitochondria were isolated from the 
livers of these animals. 
Measurements of mitochondrial oxygen consumption as a function of 
ADP and various oxidizable substrates were achieved by the use of the 
Clark model platinum electrode in a suitable chamber. Progesterone and 
testosterone both were found to inhibit NAD+-linked phosphorylation and 
succinate-linked phosphorylation. NAD+-linked phosphorylation was in¬ 
hibited more effectively. 
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INTRODUCTION 
Moore and Cammer found that in mitochondria prepared from tissue 
derived from human abortion material, the level of oxidative phosphory¬ 
lation was indicative of a block of phosphorylation site I of the mito¬ 
chondria system. The identifiable substance in this tissue appeared to 
be a metabolite of progesterone. This was based upon gas-liquid chro¬ 
matography of a chloroform/methanol (2:1) extract of mitochondria. If 
the progesterone or progesterone-like compound inhibits NAD+-linked 
phosphorylation at site I, but not sites II and III, according to Moore 
and Cammer^, then there is reason to question the all inclusiveness of 
2 
Mitchell's hypothesis . This hypothesis states that an electrochemical 
gradient of H+ ions across the mitochondrial inner membrane, generated 
at the expense of electron transport, serves as a means of coupling the 
energy flow from the electron transport to the formation of ATP. Mitchell 
postulates that it is the function of the electron carriers of the respira¬ 
tory chain to serve as an active transport or "pump" to transport H+ ions 
undirectionally from the mitochondrial matrix across the inner membrane 
which he postulated to be impermeable to H+ ions. The electrochemical 
gradient thus generated is postulated to drive the synthesis of ATP by 
causing the dehydration of ADP and inorganic phosphate. The mechanism 
by which the H+ ions re-enter the inner mitochondrial membrane at the 
sites of phosphorylation is either osmotic or carrier mediated. 
Although this hypothesis meets several of the required criteria for 
oxidative phosphorylation, one cannot dispel the key premise of the 
chemical hypothesis, i.e., there is a formation of high energy 
1 
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intermediate prior to the formation of ATP, and this intermediate might 
be reminiscent of that seen in substrate level phosphorylation of gly¬ 
colysis. It is therefore of importance to relate our findings with 
progesterone and testosterone to an understanding of the transduction of 
metabolic energy. (The concepts and processes of metabolic energy is 
commonly referred to as energy metabolism). 
We evaluated the responsiveness of the liver to progesterone and 
testosterone to determine if they have antagonistic or synergistic effects 
on energy transduction reactions. Mitochondria isolated from the liver 
of normal untreated and experimental animals were evaluated to determine 
if altered conditions in. vitro and iri vivo would alter the ability to 
transport electrons from various substrates and the ability to transduce 
this energy into ATP synthesis. 
REVIEW OF LITERATURE 
Progesterone is known to have considerable anesthetic effects 
3 
when given m large doses to laboratory animals. Seyle observed the 
anesthetic effects of steroid hormones. Male and female rats weighing 
90-135 grams were divided into 5 groups of 6 males and 6 females each. 
The first group was treated with deoxycorticosterone acetate (DCA), the 
second with progesterone, the third with testosterone, the fourth with 
cx-estradiol, the fifth with cholesterol. Fifteen minutes after the in¬ 
jection, all the females in the DCA and progesterone groups were deeply 
anesthetized but only one male of the former and two of the latter group 
showed a comparable degree of anesthesia, while the remaining males were 
either quite normal or only slightly anesthetized. The males of the tes¬ 
tosterone group were deeply anesthesized but more than one hour was re¬ 
quired for this effect to take place. The animals receiving estradiol 
or cholesterol showed no signs of anesthesia and survived indefinitely. 
This experiment indicated that progesterone and DCA intraperitoneally 
administered may both lead to an acute symptom of steroid overdose, The 
anesthetic effects as well as the toxic, action of progesterone and DCA 
3 
are greater m females than in males 
4 
Bacila and Packer have presented some preliminary data on the 
influence of steroids on respiration, but no follow-up experiments have 
been done. They examined the influence of steroid hormones on rat heart 
and liver mitochondria. According to their data representatives of the 
adrenal steroids, estrogens, androgens and progestérones did not marked¬ 
ly effect the rate of cx-ketoglutarate respiration in heart mitochondria 
3 
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at low concentrations. Higher concentrations of these steroids inhibited 
respiration while lower concentrations had no apparent effect on the mito¬ 
chondria. It was observed in the presence of some steroids that the mito¬ 
chondria showed poor respiratory control. Compounds of the androgen and 
progesterone type produced results similar to those obtained from "loose¬ 
ly-coupled" mitochondria. The ADP/O ratio in the presence of the steroid 
4 
was slightly lowered . 
William Keoppoloa discovered that cortisone influences carbohy¬ 
drate, fat, and protein metabolism. Male and female rats of various age 
groups were used as experimental models. Five substrates were used in 
studying oxidative phosphorylation. Comparison of values for oxidative 
phosphorylation in cortisone-treated rats with those of control animals 
using isocitrate as substrate showed that oxygen consumption decreased 
to some extent in all male animals. In female rats the same results oc¬ 
curred in the older animals. Using cx-ketoglutarate, the oxygen constant¬ 
ly decreased in middle-aged males and greatly decreased in old females. 
With succinate, the oxygen values were found to decrease slightly in old 
female rats and significantly in young and middle-aged females. When 
malate was used, there was a significant reduction in oxygen consumption 
in old female rats. Using pyruvate, the oxygen consumption was somewhat 
reduced in middle-aged animals. These experiments lend historic credence 
to our belief that there are some fundamental differences between the 
way in which mitochondria transduce energy from NAD+-linked substrates and 
FAD succinate-linked substrates in the formation of ATP from ADP and in¬ 
organic phosphate. The consumption of phosphate, using isocitrate, was 
5 
decreased in young male animals, significantly decreased in young and 
middle-aged females and greatly decreased in middle-aged male rats with 
cx-ketoglutarate as substrate. Phosphate consumption was reduced in 
young female rats while with malate as substrate the consumption of phos¬ 
phate was somewhat reduced in young female rats and significantly reduced 
in middle-aged and old female rats. This data indicated that the P/0 
ratio was reduced in young female rats and old male rats, but more signifi¬ 
cantly in old female rats'* . The underlying suggestion that these dif¬ 
ferences relate to the levels of steroid hormones has been shown in the 
various groups. 
It has been shown that progestins administered to rats intravenous¬ 
ly have an anesthetic effect while causing lordosis. Meyerson^ studied 
the relationship between the anesthetic and gestagenic action on different 
progestins. Ovariectomized albino Spraque Dawley rats were kept under re¬ 
versed day-night rhythm with light from 9 p.m. - 9 a.m. Estradiol benzoate 
was given at 8 a.m. and the various progestins 48 hours later. The animals 
were randomly selected and divided into groups of 10-12 members. Before 
the experiment started, the animals received a standard treatment of es¬ 
tradiol benzoate (10 Ug/kg) and progesterone (0.4 mg/animal). 
The loss of the righting reflex after intravenous administration 
of the test compound was used as a criterion of an anesthetic action. 
The latency from the time the injection was completed until the animals 
went into anesthetic state was approximately one to three minutes for 
all substances. Progesterone proved to be the most effective steroid for 
inducing anesthesia. After 7.5 mg progesterone, 91% responded with loss 
6 
of the righting reflex for an average of 30 minutes. 
Of the 11 progestins tested for their ability to elicit estrous 
behavior, four other than progesterone turned out to be active: medroxy¬ 
progesterone, isopregnenone, allylestrenol, and the 17-c*-allyl derivative 
£ 
19-nortestosterone 
Kalkhoff, Jacobson and Lempor^ studied the effect of progesterone 
and pregnancy on plasma insulin response. Five normal men and two 
hysterectomized women were used as experimental models. Injection of 
progesterone (300-400 mg) was administered daily for six days. Proges¬ 
terone administration did not produce any- consistent changes in fasting 
plasma glucose, non-esterfied fatty acids or immunoreactive growth hor¬ 
mone concentrations, but fasting plasma insulin levels were increased 
significantly on days 4,5, and 6. Twenty-four hour urinary pregnanediol 
levels rose and after day 2, were within the range of values observed in 
late pregnancy. Progesterone treatment caused significant elevations of 
plasma insulin at 0, 60, 90, and 120 minutes. Corresponding individual 
insulin-glucose concentration ratios were increased. Prepartum fasting 
glucose levels were significantly depressed and 60 and 90 minute glucose 
levels, though normal, were significantly increased above post-partum 
levels . 
Moore and Cammer studied the biochemical properties of human 
fetal mitochondria. Fetuses between 6 and 10 weeks gestation weighing 
between 0.5 and 1 grams were used. The intrauterine material was ob¬ 
tained by suction abortion. Abortions in humans 12-16 weeks pregnant 
g 
have been induced by infusion with prostaglandin F2* Cantor et al. 
have demonstrated that in all cases there was a considerable drop in 
7 
Human Chronic Somatomammotropin (HCG) within four hours after the onset 
of infusion. After expulsion or removal of the placenta there is also a 
rapid drop of progesterone. However, even after the end of the infusion 
period, there was still considerable amounts of progesterone in three 
8 
patients who had not aborted . 
This information is important to the experiments of Moore and 
Cammer^ who used suction abortion material. This procedure avoids the 
use of prostaglandin . Respiration was studied by the method of 
q 
Moore and Holtzman using a 40 JJ 1 chamber . It was not always possible 
to obtain respiratory control in these preparations. In fact, of the 23 
preparations studied, 15 lacked respiratory control with glutamate and 
malate. 
Preparations which showed respiratory control, and even some 
which did not, responded with a burst of rapid respiration after addition 
of approximately 100 juM calcium chloride or microquanities of valinomy- 
cin, showing that those preparations are capable of energy-linked trans¬ 
port of calcium and potassium ions. 
Although phosphorylating preparations were not obtained consis¬ 
tently, a significant number of preparations with respiratory control 
were obtained. In all cases, however, the P/0 ratios were less than 2.00 
which is lower than the value of 3.00 expected with NAD+-linked substrates 
but approaches the 2.00 which is expected with succinate. With succinate 
as substrate, the P/0 ratio was the same as found with NAD+-linked sub¬ 
strates. Furthermore, the rate of respiration in the presence of the un¬ 
coupling agent, dinitrophenol (DNP) , was higher than with ADP. These 
8 
results imply that perhaps the enzymes involved in the actual phosphory¬ 
lation step(s) was not fully developed. These discrepancies might also 
arise as a result of the hormones available to fetal tissues. Progesterone 
in particular had been proposed as an inhibitor of oxidative phosphoryla- 
10 
tion . The results reported here show that human fetuses even as early 
as 6-10 weeks gestation have mitochondria with the structure and enzymatic 
activities close to those prepared from the tissues of adult animals , 
but with specifically decreased efficiency. 
Mitochondria isolated from Saccharomyces cerevisae behave in the 
same manner as the mitochondria obtained from 6-10 week fetal tissue, It 
has been shown that site I phosphorylation is inoperative. The compound 
extracted by Moore (exerting this effect) was a production of progesterone 
identified by gas-liquid chromatography^. 
The meaning and significance of the Respiratory Control Index 
or Ratio (RCR) is outlined below. Isolated mitochondria function in 
vitro according to tissue of origin, intracellular conditions, toxicity, 
components of the isolation medium and the intactness of the mitochon¬ 
drial membrane. 
The rates of respiration (oxygen reduction) by mitochondria are 
categorized as a function of the components of the system in which the 
measurements are made as: 
State Substrate 
Level 






1 low + low slow ADP 
2 0 + high slow Substrate 
3 high + high fast Respiratory 
chain 
9 
4 high + very slow ADP 
low/0 
5 high 0 high 0 
The ratio of state III (phosphate acceptor present) to state IV (low 
phosphate acceptor)respiration rates is indicative of the ability of 
mitochondria to link its electron transport system to the phosphoryla¬ 
tion of ADP. 
12 . 
Dimmo ej^ al_. observed oxidative phosphorylation and steroido¬ 
genesis by ovarian mitochondria after gonadotrophin stimulation. Imma¬ 
ture Sprague-Dawley rats 26-28 days old were divided into a control group, 
and an experimental group treated with 20 international units of pregnant 
mare serum gonodotrophin (PMSG) and killed 54 hours later. Oxidative 
phosphorylation studies were done on mitochondria from ovaries of untreated 
and PMSG treated rats. With glutamate and malate as substrates, the 
ADP/0 ratios of ovarian mitochondria from PMSG treated immature rats were 
significantly lower than the ADP/0 ratios from immature rats. No dif¬ 
ference in state III and state IV respiration or in respiratory control 
was found between ovarian mitochondria or untreated and PMSG treated rats 
when glutamate or malate was used as substrate. However when succinate 
was used, the mitochondria from untreated immature rat ovaries had signifi¬ 
cantly higher state III and state IV respiration and a significantly lower 
respiratory control than mitochondria from PMSG treated groups. No dif- 
14 
ference in any of the oxidative phosphorylation parameters or in 4- C- 
cholesterol conversion was found in mitochondria of immature rats injected 
. . 12 
intravenounsly with PMSG thirty minutes before killing . 
13 
Dahm, Minagwa and Jelliner superficially examined the effects of 
progesterone on the enzymes of fat and carbohydrate metabolism. Intact 
10 
female Wistar rats were injected with progesterone for twenty-one days. 
The livers were then removed, mitochondria prepared, and enzymes studied. 
It was shown that phosphofructokinase, malic enzyme, glucose-6-phosphate 
dehydrogenase, citrate clevage enzyme, and enzymes related with lipogene- 
sis were elevated significantly after progesterone administration, while 
fatty acid synthesis and glycerol-3-phosphate dehydrogenase remained un¬ 
changed. Phosphoenolpyruvate was the only enzyme related to gluconeogene- 
sis that revealed an increase in activity upon administration of proges- 
_ 13 
terone . 
The effects of testosterone on kidney function may somehow be a 
result of abnormal mitochondrial function in the presence of testosterone. 
Koenig e_t_ a_l.^ observed that mouse kidney displays a complex response to 
testosterone administration. Testosterone administration in female mice 
induces an accumulation of lysosomes containing abundant layered meylin- 
like membranes in the kidney proximal tubular (PT) cells, and enhances 
the exocytosis of these lysosomes into the tubule lumen. The testosterone 
induced increment in urinary lysosomal enzymes reflects the hormone medi¬ 
ated bodies of PT cells. In male mice the mitochondria in the S£ segment 
of the PT cells are larger and the matrix are more electron lucent than 
those from the female mice. The lysosomes are more numerous, larger and 
mostly of the myeloid body type. Compared with female mice the kidney in 
the male mice were heavier and revealed greater specific activity of cyto¬ 
chrome C oxidase, ^-glucuronidase, hexosaminidase, ^f-galactoside and 
arysulfate. Orchiectomy produced a decrease in kidney weight and in speci¬ 
fic activity of the cytochrome oxidase and acid hydroxylase. In contrast, 
testosterone treatment in female mice induced an increase in kidney weight 
and in specific activity of cytochrome C oxidase. Increased kidney activi¬ 
ty of cytochrome C oxidase, an inner mitochondrial membrane enzyme in male 
mice, is correlated with the larger electron lucent mitochondria. Increased 
kidney acid hydrolase activities are correlated with the expansive lyso¬ 
somal vessels in the PT cells of male mice. 
These papers point to the possibility that testosterone and/or 
progesterone when present in vivo behave differently as a function of 
sex, and also short term and long term effects and effectiveness are 
different. This latter situation can be due to the transport or uptake 
of the steroids and their catabolic fates. 
What is clear however, is that there is evidence for the altera¬ 
tions in the ability of tissues, in the presence of steroid hormones, to 
metabolize carbohydrates, and some nitrogenous compounds, and be able to 
transduce energy according to the accepted normal ways. 
EXPERIMENTAL 
Adenosine 5'diphosphate (ADP), antimycin A, bovine serum albumin 
(BSA), ethylenediaminetetraacetic acid (EDTA), glutamate, malate, potas¬ 
sium chloride, progesterone, rotenone, succinate, sucrose, and testos¬ 
terone were purchased from the Sigma Chemical Company, St. Louis, 
Missouri. Ethanol, diethyl ether, hydrochloric acid and sesame oil were 
purchased from Fischer Scientific Company, Norcross, Georgia. The Clark 
Model 5331 Oxygen Electrode was purchased from Yellow Springs Insturment 
Company, Yellow Springs, Ohio. Suture and surgical needles were pur¬ 
chased from Estes Surgical Supply Company, Atlanta, Georgia. Tri-R-MS-7 
magnetic stirrer was purchased from Henry Troemner Company, Inc., Phila¬ 
delphia, Pennsylvania. Phosphoric acid was purchased from the J.T. Baker 
Company, Philadelphia, Pennsylvania. Cole Palmer double pen recorder was 
purchased from Cole Palmer Instrument Company, Chicago, Illinois. 
All solutions used for mitochondrial isolation were prepared using 
reboiled deionized double-distilled water. Stock solutions of sucrose, 
TRIS-HCl, TRIS-PO^, KC1 and TRIS-EDTA were prepared. The stock sucrose 
solution was boiled for an additional thirty minutes to avoid contamina¬ 
tion. All solutions were kept refrigerated. Solutions used for mito¬ 
chondrial isolation were: SET (sucrose, 250 mM; TRIS-EDTA’, 0.1 mM; 
TRIS-HCl’ lOmM, pH 7.4); ST (sucrose, 250 mM-, TRIS-HCl, 10 mM’, pH 7.4); 
RESPIRATION MEDIUM (sucrose, 250 mM; TRIS-P04, 10 mM; TRIS-HCl, 10 mM; 
KC1, 10 mM, pH 7.4). Sucrose was used in order to maintain the isomola¬ 
rity of the mitochondrial membrane, EDTA was used as a chelating agent 
12 
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and TRIS-HCl was used as a buffer. 
Animals 
Adult male Sprague Dawley strain rats, 2-3 months of age, weigh¬ 
ing 250-300 grams were obtained from the Charles River Breeding Company 
in Wilmington, Massachusetts. They were maintained on Purina Lab Chow 
and tap water ab librium. Lighting in the room was electrically timed 
from 8:00 a.m. to 6:00 a.m. and temperature regulated between 74°F and 
76°F. In order to manipulate the levels of hormones and subsequent ef¬ 
fects of oxidative metabolism we chose the male animal. The animals 
were castrated to control the amount of hormone in this organism. 
Three to five days following the arrival of these animals a 
group of them were castrated under the instruction of Dr. James C. Story. 
Castration was performed on the ether anesthesized animals. The rat was 
placed in a desiccator containing cotton, saturated with ether. Upon 
anasthesization the animal was removed from the desiccator and a small 
incision was made on the scrotal sac. The testicals were then separated 
from the membraneous material. The vas deferens was tied off, and the 
testicals were excised. The incision on the scrotal sac was then sutured 
(See Appendix) . 
The animals were allowed to recuperate for approximately three to 
five days before further experimentation. They were divided into four 
groups: (1) Control Normal; (2) Control Castrated; (3) Castrated Injected 
with Progesterone (CIP); (4) Castrated Injected with Testosterone (CIT). 
Hormone Treatment 
Progesterone and testosterone were dissolved in sesame oil. 
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Subcutaneous administrations of progesterone (400 ^jg/100 g body weight) 
and testosterone (45 jug/100 g body weight) were given for seven days. 
Mitochondria were isolated from the livers of these animals 30-45 minutes 
after the last injection on the seventh day. 
Rat Liver Mitochondria 
Mitochondria were prepared from rat liver by modification of the 
methods described by Schneider^, Schneider and Hogeboonr^ , Johnson and 
Lardy , Moore , Moore and Strasberg . A flow chart representation of 
this procedure is outlined in Fig. 1. 
Animals were fasted overnight and -allowed water ab_ librium. Liver 
mitochondria prepared from animals treated in this manner have been found 
to function better than those from unstarved animals. 
After a blow on the head, the animal was decapitated, the liver 
was immediately removed, placed in cold 0-5°C SET solution, and 1 mg of 
BSA was added. All subsequent preparative operations were conducted at 
0-5°C. The liver was washed free of blood and debris using several 
flushes of SET. The tissue was minced in order to facilitate the removal 
of blood as well as membraneous material. The SET washed tissue was 
then homogenized in approximately ten volumes of SET. Measures were taken 
to avoid excessive homogenation so as to prevent mitochondrial damage. Cen 
trifucation of the homogenate was carried out at 1500 rpm for three minute 
The supernatant fraction (SLj) was decanted and saved. The crude pel¬ 
let (PLj) containing broken cells, cell membranes, tissue fragments, and 
some mitochondria was resuspended in SET and centrifuged at 1500 rpm for 




15,000 rpm, 3 minutes 
minutes 
Fig. 1. Flow chart of rat liver mitochondria preparation. 
16 
supernatant (SI^) was decanted and combined with the supernatant obtained 
from the initial centrifugation (SL^). The combined supernatant was then 
centrifuged at 15,000 rpm for three minutes. The supernatant (SL^) was 
discarded, and the mitochondrial pellet (PL^) was washed by suspension in 
20 volumes of ST. The suspension was then centrifuged at 15,000 rpm for 
three minutes. The resulting mitochondrial pellet (PL^) was again re¬ 
suspended in ST, and centrifuged at 15,000 rpm for three minutes. The re¬ 
sulting pellet (PL,.) was resuspended in approximately 1 ml of ST. 
Mitochondrial protein concentrations were determined by the 
19 
method described by Lowery et al. 
Polarographic Determination of Oxygen Consumption 
Approximately 50-100 pi of mitochondrial suspension was injected 
into the oxygen electrode chamber containing respiration medium. Measure¬ 
ments of mitochondrial oxygen consumption as a function of ADP and various 
oxidizable substrates and biochemically relevant compounds were achieved 
by the use of the Clark platinum electrode. A suitable polarizing voltage 
was applied across the electrode to obtain the direct proportionality be¬ 
tween the steady state electrolytic current and oxygen concentration in 
20 
the solution as described by Estabrook and others . The current generated 
from electolytic reduction of oxygen is measured by the use of a Varian 
amplifier-recorder combination. Rapid mixing in the reaction vessel was 
accomplished with Tri-R-MS-7 magnetic stirrer which minimizes the tempera¬ 
ture fluxes observed in other stirring systems which become heated during 
the stirring process. 
RESULTS AND DISCUSSION 
To test the effect of progesterone and testosterone on mitochon¬ 
dria function, varying aliquots of progesterone and of testosterone 
were added to normal mitochondria while respiring in the oxygen electrode 
chamber (Fig. 2). A schematic representation of the electron transport 
chain is shown in Fig. 3. The rates of respiration and the ADP:0 ratios 
were then obtained from graphs shown in Figs. 4-10, and from this type of 
information the data accumulated in Tables 1-8 were derived. Each mito¬ 
chondrial preparation served as its own control for the study of the ef¬ 
fects of progesterone and testosterone. 
Testosterone in vitro 
Figure 5 and Table 1 show that testosterone caused a change in 
the state III rate with NAD+-linked substrates. The change is a function 
of the concentration of the amount of testosterone added to the system. 
The inhibition increased from 13.80% with 0.246 mM testosterone. When 
the values of state III respiration were used to calculate the respiratory 
control ratio (RCR), by dividing the state III rate by the state IV rate, 
it was found that because of the inhibited state III rate, the RCR's 
were substantially lower than in the absence of testosterone. It must 
be noted here that although at the concentrations of testosterone used 
for the data in Tables 1 and 2, there was little or no observed inhibition 
of state IV respiration, a very high concentration of testosterone above 
0.743 mM was inhibitory to state III respiration. The ADP:0 ratios 
under these same experimental conditions were also decreased substantially. 























































































o J I L 




Fig. 4. Normal control rat liver mitochondria respiration and phos¬ 


























Fig. 5. The effect of testosterone on NAD+-linked respiration and 
phosphorylation in normal rat liver mitochondria. The value 

























Fig. 6. The effect of progesterone on NAD+linked respiration and 
phosphorylation in normal rat liver mitochondria. The value 

























Fig. 7 The effect of testosterone on succinate-linked respiration 
and phosphorylation in normal rat liver mitochondria. The 
value of 100 indicates 240 atom equivalents of oxygen. 
24 
TIME (rain) 
Fig. 8. The effect of progesterone on succinate-linked respiration 
and phosphorylation in normal rat liver mitochondria. The 
value of 100 indicates 240 atom equivalents of oxygen, 
25 
Fig, 9. Titration of NAD+-linked respiration with testosterone in 
normal rat liver mitochondria. 
( ) = Rate before addition of testosterone. ADP addition after pro¬ 
gesterone concentration had reached 0.991 mM gave no change in State III 
rate (No phosphorylation). The yalue of 100 indicates 240 atom equiva¬ 
lents of oxygen. 
26 
TIME (min) 
Fig. 10. Titration of NAD+-linked respiration with progesterone in 
normal rat liver mitochondria. 
( ) - Rate before addition of progesterone. ADP addition after pro¬ 
gesterone concentration had reached 0.341 mM gave no change in state III 
rate (No phosphorylation) . The value of 100 indicates 240 atom equivalents 
of oxygen. 
Table 1. Respiratory control ratios of mitochondria derived from normal rats compared 
to normal mitochondria treated with testosterone in vitro. 
Respiratory Control Ratio (RCR) 
Substrate Normal Experimental Change 
Glu. + Mai. 3.32 ± 0.30 
+ Test. (0.246 mM) 3.00 ± 0.15 86.2 ± 3.6 
+ Test. (0.495 mM) 2.38 ± 0.35 59.4 ± 4.1 
+ Test. (0.743 mM) 1.95 ± 0.30 40.9 ± 2.7 
+ Test. (0.991 mM) 1.00 ±.0.00 ** 
Succ 2.00 ± 0.15 
+ Test. (0.991 mM) 1.64 ± 0.12 64.0 ± 3.6 
*Change = (Experimental RCR - 1.00) (Normal RCR - 1.00) ~ X 100 
**When RCR is 1.00, there is no respiratory control. 
Testosterone was added as in Fig. 5,7 and 9. 
Table 2. ADP/O ratios of mitochondria derived from normal rats compared to normal 
mitochondria treated with testosterone in vitro. 
Substrate 
ADP/0 Ratio 
Normal Experimental % Decrease* 
Glu. + Mai. 2.95 ± 0.23 
+ Test. (0.246 mM) 2.60 ± 0.20 11.8 ± 1.5 
+ Test. (0.495 mM) 2.00 ± 0.10 32.2 ± 1.8 
+ Test. (0.743 mM) 1.22 ± 0.17 58.6 ± 1.0 
+ Test. (0.991 mM) 0.00** 100.0 
Succ. 1.91 ± 0.18 
+ Test. (0.991 mM) 1.54 ± 0.23 19.3 ± 1.5 
n Decrease = Wonna1 K0^
Hmenta1 * 100 
**Complete inhibition of State III respiration 
Table 3. Respiratory control ratios of mitochondria derived from normal rats compared to 
normal mitochondria treated with progesterone in vitro. 
Respiratory Control Ratio (RCR) 
Substrate Normal Experimental Change* 
Glu. + Mai. 3.50 ± 0.30 
+ Prog. (0.136 mM) 3.00 ± 0.25 80.0± 2.7 
+ Prog. (0.227 mM) 2.00 ± 0.15 40.0± 2.9 
+ Prog. (0.341 mM) 1.30 ± .0.10 12.0± 1.3 
+ Prog. (0.454 mM) 1.00± 0.00 ** 
+ Prog. (0.568 mM) 1.00± 0.00 ** 
Succ 2.58± 0.22 
+ Prog. (0.568 mM) 1.78 ± 0.23 49.3± 3.0 
*Change = (Experimental RCR - 1.00) (Normal RCR - 1.00) X 100 
**When RCR is 1.00, there is no respiratory control. 
Progesterone was added as in Fig. 6, 8 and io. 
è 
Table 4. ADP/O ratios of mitochondria derived from normal rats compared to normal 
mitochondria treated with progesterone in vitro. 
ADP/0 Ratio 
Substrate Normal Experimental % Decrease* 
Glu. + Mai. 3.00 ± 0.25 
+ Prog. (0.136 mM) 2.80 ± 0.35 6.7 ± 0.7 
+ Prog. (0.227 mM) 2.15 ± 0.25 28.3 ± 1.5 
+ Prog. (0.341 mM) 1.65 ± 0.23 45.0 ± 1.6 
+ Prog. (0.454 mM) 0.00** 100.0 
+ Prog. (0.568 mM) 0.00** 100.0 
Succ. 1.95 ± 0.27 
+ Prog. (0.568 mM) 1.35 ± 0.15 30.7 ± 1.6 
U) 
c 
*% Decrease = 
Normal - Experimental 
Normal 
X 100 
**Complete inhibition of State III respiration 
Table 5. Respiratory control ratios of mitochondria derived from castrated control rats 
compared to mitochondria derived from CIT rats in vivo. 
Respiratory Control Ratio (RCR) 
Substrate Castrated Control Experimental Change* 
Glu. + Mai . 3.42 ± 0.25 2.31 ± 0.19 54.1 + 3.0 
+ Test. (0.246 mM) 1.92 ± 0.40 38.0 + 2.9 
+ Test. (0.495 mM) 1.25 ± 0.10 10.3 1.8 
+ Test. (0.743 mM) 1.00 ± 0.00 ** 
+ Test. (0.991 mM) 1.00± 0.00 
Succ 2.10± 0.20 1.17 ± 0.10 15.4 + 2.0 
+ Test. (0.991 mM) 1.00 + 0.00 ** 
Glu. + Mai. 3.45 ± 0.30 2.40 ± 0.30 57-. 1 + 4.0 
+ Prog. (0.136 mM) 1.67 ± 0.18 27.3 2.7 
+ Prog. (0.227 mM) 1.32 ± 0.20 13.0 + 1.1 
+ Prog. (0.341 mM) 1.00± 0.00 ★ ★ 
+ Prog. (0.454 mM) — ★ **
*** 
Succ, 2.00± 0.17 1.20± 0.10 20.0 + 2.8 






1—1 0.00 ** 
*rharmp = (Experimental RCR -'1.00) cnanye ^astrated Control RCR - 1.00 X 100 
** When RCR is 1.00, there is no respiratory control. 
***Total inhibition of State III and State IV respiration 
Table 6. ADP/O ratios of mitochondria derived from castrated control rats compared to mitochondria 
derived from CIT rats in vivo. 
\  
ADP/O Ratio 
Substrate Castrated Control Experimental % Decrease* 
Glu. 4* Mai . 2.86 ± 0.32 2.17 ± 0.30 24.1 + 1.9 
+ Test. (0.246 mM) 1.87 ± 0.32 23.6 + 1.7 
+ Test. (0.495 mM) 1.32 ± 0.23 53.8 + 1.8 
+ Test. (0.743 mM) 0.00** *** 100.0 
+ Test. (0.991 mM) 0.00** 100.0 
Succ 1.87 ± 0.25 1.22 ± 0.11 34.7 + 1.9 
+ Test. (0.991 mM) 0.00** 100.0 
Glu. + Mai . 2.89 ± 0.30 2.21 ± 0.10 23.5 + 1.6 
+ Prog. (0.136 mM) 1.75 ± 0.20 39.4 1.8 
+ Prog. (0.227 mM) 1.24 ± 0.17 57.0 + 1.7 
+ Prog. (0.341 mM) 0.00** 100.0 
+ Prog. (0.454 mM) — ★ ★★ 
Succ 1.79 ± 0.17 
+ Prog. (0.454 mM) 0.00** 100.0 
*7 nerrpa^p = Normal - Experimental' X 100 
/o uecrease Normal 
**Complete inhibition of State III respiration 
***Total inhibition of State III and State IV respiration 
Tahlp 7. Respiratory control ratios of mitochondria derived from castrated control rats compared 
to mitochondria derived from CIP rats in vivo. 
Respiratory control ratio (RCR) 
Substrate Castrated Control Experimental Change* 
Glu. + Mai. 3.25 ± 0.30 1.71 ± 0.21 31.5 ± 1.3 
+ Test. (0.246 mM) 1.63 ± 0.19 28.0 ± 1.9 
+ Test. (0.495 mM) 1.32 ± 0.17 14.2 ± 1.8 
+ Test. (0.743 mM) 1.00 ± 0.00 ★ * 
+ Test. (0.991 mM) — *** 
Succ 1.94 ± 0.25 1.00 ± 0.00 ★ ★ 
+ Test. (0.991 mM) 1.00 ± 0.00 *★ 
Glu. + Mai. 3.57 ± 0.32 1.72 ± 0.13 28.0 ± 1.6 
+ Prog. (0.136 mM) 1.54 ± 0.25 21.0 ± 1.4 
+ Prog. (0.227 mM) 1.00 ± 0.00 ★ ★ 
+ Prog. (0.341 mM) — ★ **
*** 
+ Prog. (0.454 mM) — 
+ Prog. (0.568 mM) — ★ ★★ 
Succ 1.98 ± 0.20 1.00 ± 0.00 ★ * 
+ Prog. (0.568 mM) 1.00 ± 0.00 ★ ★ 
*rhannp = (Experimental RCR - 1.00) y (Castrated Control - 1.00) X 100 
**When RCR is 1.00 there is no respiratory control. 
***Total inhibition of State III and State IV respiration 
Table 8. ADP/O ratios of mitochondria derived from castrated control rats as compared to 
mitochondria derived from CIP rats in vivo. 
ADP/O Ratio 
Substrate Castrated Control Experimental % Decrease* 
Glu. + Mai. 2.89 + 0.30 1.69 ± 0.25 41.5 + 1.9 
+ Test. (0.246 mM) 1.42 ± 0.20 50.8 + 1.8 
+ Test. (0.495 mM) 1.15 ± 0.10 60.2 1.7 
+ Test. (0.743 mM) 0.00** 100.0 
+ Test. (0.991 mM) — *** 
Succ 1.84 + 0.27 1.20 ± 0.15 34.7 ± 1.7 
+ Test. (0.991 mM) 0.00** 100.0 
Glu. + Mai . 2.88 + 0.30 1.84 ± 0.30 36.1 ± 1.7 
+ Prog. (0.136 mM) 1.52 ± 0.25 47.2 ± 1.9 
+ Prog. (0.227 mM) 1.20 ± 0.10 58.3 ± 1.9 
+ Prog. (0.341 mM) — *** 
+ Prog. (0.454 mM) — 
+ Prog. (0.568 mM) — 
Succ. 1.93 + 0.28 0.00** 100.0 
+ Prog. (0.568 mM) 0.00** 100.0 
n Decrease - 1 Experimental Normal 
**Complete inhibition of State III respiration 
***Total inhibition of State III and State IV respiration 
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per atom equivalent of oxygen utilized always approximated 3.0. 
Oxygen consumption was monitored polarographically. The rates 
(state V and State III) were evaluated from the slopes of the tracing 
in the amount of oxygen consumed per unit time. The absolute amount 
of oxygen was determined by the displacement of the tracing between 
any two time points. As indicated in.Table 2 the ADP:0 ratio decreased 
with increasing concentrations of testosterone. 
The ADP:0 ratio indicates the amount of ADP converted to ATP per atom equi¬ 
valent of oxygen. These values were determined from the amount of ADP 
added, and the amount of extra oxygen utilized during the phosphorylation 
of the added ADP. This could be interpreted to mean that the energy con¬ 
serving sites are equally affected and so there is a graded decrease in 
phosphorylation, or that there is some specific differences in the various 
conserving sites. These sites are differentially titrated by the testos¬ 
terone, with obvious overlapping due to the discontinuous titration being 
performed. The latter conclusion seems more appropriate since a non-graded 
inhibition while decreasing the rate of phosphorylation would not decrease 
the ratio of ADP:0 as is seen here. 
The lowest concentration of testosterone (0.991 mM) which com¬ 
pletely inhibited NAD+-linked phosphorylation only inhibited succinate- 
linked ADP:0 ratio by less than 20% (Table 2, Fig. 7). This difference 
between NAD+-and succinate-linked phosphorylation is also reflected in 
the RCR values. As noted earlier, with NAD-linked substrates, there was 
no respiratory control in the presence of 0.991 mM testosterone. This 
same amount decreased the RCR with succinate by approximately 25%. 
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These data point to the distinct possibility that the phosphorylation 
units which are employed by the succinate dehydrogenase complex could 
be distinct from the units used to make ATP when NAD+ is being oxidized. 
Progesterone in vitro 
The data obtained with progesterone added to respiring mito¬ 
chondria are more pronounced in terms of the concentration requirements. 
Table 4 shows that progesterone at 0.454 mM inhibited the NAD+-linked 
phosphorylation (ADP:0) by approximately 6 to 7%. Increasing concentra¬ 
tions had increasing effects, and the inhibition was complete for values 
above 0.568 mM of progesterone. Respiratory control by ADP was similar¬ 
ly affected in that control was completely lost at 0.454 mM of proges¬ 
terone (Table 3). The effect of progesterone concentration on succinate- 
linked phosphorylation and on the calculated RCR indicates that, as with 
testosterone, succinate-linked reactions are less affected. For example 
while 0.568 mM of progesterone was enough to completely inhibit NAD+- 
linked phosphorylation, it only inhibited the succinate-linked reactions 
approximately 30% as indicated in Table 4 and Fig. 8. It is possible 
that the in. vivo steroid pools could have an effect on mitochondrial 
function as examined iii vitro, and too the in vivo concentrations of 
circulating and intracellular steroids could be the levels necessary 
for in vivo control of energy transducing reactions in the cell. In 
order to check this hypothesis, rats were castrated and treated as indi¬ 
cated in the experimental section of this report. Castrated control 
male live mitochondria had RCR's ranging from 3.25 to 3.80 fro NAD+- 
linked substrates and ADP:0 ratios approximating 3.0. These values 
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and the values for succinate-linked respiration are equivalent to values 
for non-castrated untreated males. 
Testosterone in vivo 
As seen in Table 5, liver mitochondria obtained from testosterone 
CIT had a decreased RCR of 2.3 for NAD+-linked respiration, as well as 
decreased ADP:0 ratios from 2.17 to 0. The RCR were also severely de¬ 
pressed, going from 1.92 to 1.00. The liver mitochondria from CIT ani¬ 
mals seemed to show less differentiation between the phosphorylating 
'units' for NAD+-linked phosphorylation and the units involved in succi¬ 
nate-linked phosphorylation. The word unit is used to define the struc¬ 
tural enzymatic and transport phenomena involved in the transduction of 
energy from electron transport to the synthesis of ATP. When liver mito¬ 
chondria isolated from CIT rats were treated _in vitro with testosterone 
the RCRs decreased substantially as a function of the amount of testos¬ 
terone added. Table 5 shows that at a concentration of 0.743 mM of 
testosterone, respiratory control was completely abolished for NAD+- 
linked substrates. It required 75% more testosterone for complete in¬ 
hibition of succinate-linked phosphorylation and to eliminate the respira¬ 
tory control by ADP as seen in the CIT mitochondria as compared to the 
castrated control. Liver mitochondria obtained from CIT rats were 
treated with progesterone in vitro. The RCR decreased to 1.00 in the 
presence of NAD+-linked substrates with 0.341 mM of progesterone. There 
was no respiratory control (Table 5). A concentration of 0.454 mM of 
progesterone completely inhibited state III and state IV respiration. 
The ADP:0 ratio was abolished when the levels of progesterone exceeded 
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0.341 mM and NADH was being oxidized. When succinate was the substrate 
being oxidized, 0.454 mM progesterone caused complete inhibition of 
phosphorylation, and abolished the respiratory control. These data on 
CIT animals indicate to us that the intracellular concentrations of pro¬ 
gesterone and testosterone do negatively modify the functionality of 
mitochondria. Fluctuations in the circulating levels and the translo¬ 
cation into mitochondria as a function of concentration could be contri¬ 
buting to the in vivo functioning of mitochondria. 
Progesterone injected castrates (CIP) 
In Table 7 it can be seen that wh'en CIP derived liver mitochon¬ 
dria were examined _in vitro, there was a substantial change in the RCR 
with NAD+-linked respiration which was approximately 30% of uninjected 
castrates and the ADP:0 ratio was decreased to 40% of the uninjected 
castrates (Table 8). With succinate as substrate the CIP derived mito¬ 
chondria had almost completely lost their respiratory control (Table 7) 
and the ADP:0 ratio had dropped to 1.20 in comparison to the expected 
value of 2.0 (Table 8). The injection of progesterone had therefore a 
more potent effect on the phosphorylating mitochondrial system without 
substantially inhibiting the state IV respiration. Further addition 
of steriods to these CIP derived mitochondria jni vitro resulted in com¬ 
plete inhibition of both state III and state IV respirations as shown 
in Table 7 and Table 8 for progesterone and testosterone. Both NADH- 
and succinate-linked oxidation were inhibited at lower concentrations 
of progesterone and testosterone. This is to be expected if the in¬ 
jected steroids are affecting mitochondria in vivo and if the preparatory 
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conditions did not cause a substantial loss of these hormones from the 
mitochondria. 
The standard deviations for the ADP:0 ratios, and RCRs were 
calculated from the equation: 
N 
where X is the amount of deviation from the mean, and n is the number of 
experiments. Standard deviations were calculated on all normal and 
experimental values as well as on the differences between these values 
as appropriately designated. Six experiments were used for the calculation 
of these values. 
CONCLUSIONS 
From our data, it is believed that jin vivo availability of pro¬ 
gesterone and testosterone alters the energy transducing capability of 
mitochondria regardless of the substrate being oxidized. It is important 
to note, however, that there is a differential effect of these steroids 
as a function of the substrate being oxidized. Higher concentrations of 
hormones are required to inhibit succinate-linked phosphorylation than 
NAD+-linked phosphorylation. The in vivo experiments CIP and CIT differ 
slightly in that there is a general lowering to the same degree of the 
concentration of steroids injected. This problem is seemingly difficult 
to resolve. However, when one considers the metabolic fate of the 
steroids, and the steroid to which the mitochondria is exposed in vivo, 
then the acuteness of these effects should not be as apparent as when 
the experiment (i.e., the addition of steroids) is conducted in vitro. 
PbCNO^^ inhibits NAD+-linked phosphorylation at a lower concen- 
21 
tration then is required to inhibit succinate-linked phosphorylation . 
Metrazol has also been shown by Moore and Gamble to inhibit differentially 
+ . 22 
NAD- and succinate-linked phosphorylation 
We have shown that the steroid hormones progesterone and testos¬ 
terone both have differential effects on succinate-and NAD+-linked phos¬ 
phorylation. These data allow us to suggest that the localization of 
succinate dehydrogenase in the mitochondrial inner membrane (and its 
discrete isolation of complex II) could allow it the distinct probability 
of having within the confines of its territorial domain a unique tri¬ 
partite system (composed of FO and the FI ATPase). This system would 
40 
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then be anatomically separate from the NAD+-linked units. Credability 
lies in the fact that the chemiosmotic hypothesis allows for the integrity 
of the mitochondrial inner membrane, and the energy driven H+ ion pump. 
If the H+ ions which are pumped into the intermembrane space were allowed 
to dissipate, it would decrease further the efficiency of oxidative phos¬ 
phorylation. Thus, keeping coupling units close to the source of H+ ion 
expulsion increases efficiency. The steroids may have differential 
access to the various coupling units, and thus would behave differentially 
in their inhibition of oxidative phosphorylation. 
42 
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APPENDIX 
Procedures For Castration 
46 
Figure 12. Upon anthesitization, the animal was removed from desiccator 
and testicles placed at the bottom of the scrotal sac. 
47 
Figure 13. A small incision was made on the scrotal sac. 
48 
Figure 14. Testicles were then separated from the membraneous material. 
49 
Vas deferens tied off. Figure 5. 
50 
Figure 16. Testicles excised. 
51 
Figure 17. Animal sutured. 
